Treatment monitoring is an essential aspect for tuberculosis (TB) disease management. Sputum smear microscopy is the only available tool for monitoring, but it suffers from demerits. Therefore, we sought to evaluate markers and cellular subsets of T regulatory (Treg) cells and T helper (Th) 17 cells in pulmonary TB patients (PTB) for TB treatment monitoring. Peripheral blood mononuclear cells (PBMCs) were stimulated in vitro (with purified protein derivative (PPD)) overnight which was followed by a polychromatic flow cytometry approach to study Treg and Th17 markers and cellular subsets in PTB (n = 12) undergoing antituberculous treatment (ATT). The baseline levels of these markers and cellular subsets were evaluated in normal healthy subjects (NHS). We observed a significant decrease in the expression of CD25 (p<0.01) marker and percentage of T-cell subsets like CD4 
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CD25
+ T cell subset showed a positive correlation to sputum conversion both in high and low sputum positive PTB. In eight PTB with cavitary lesions, only CD4 +
+ FoxP3 Treg subset manifested a significant decrease at the end of CP. Thus, results of this study show that CD25 marker and CD4 + CD25 + T cells can serve as better markers for monitoring TB treatment efficacy. The Treg subset CD4 TB management relies on prompt diagnosis and early treatment. During antituberculous treatment (ATT), the sputum microscopy is the yardstick for determining treatment efficacy. It is the only tool available for assessing TB treatment efficacy, but has many demerits (2, 3): (1) Its low sensitivity, i.e., the requirement of 10,000 bacilli/mL of sputum, (2) inability to diagnose smear negative TB, extra pulmonary TB and not of use in those who are unable to produce sputum, and (3) diagnosis is made after a period of 2 months (after completion of intensive phase (IP)) and by that time, the patient would have transmitted the infection, if the person is not responding to ATT. Due to the lack of satisfactory tools for monitoring ATT efficacy, efforts have been undertaken by various research groups to evaluate various immunological markers from different body fluids of host (urine, blood, plasma and serum). Along these lines, this study attempted to investigate the dynamics of T regulatory markers (Treg), Th17 markers and their cellular subsets in pulmonary TB patients (PTB) during ATT for their use in detecting TB treatment efficacy. In TB, Treg are recruited to the site of infection to bring back homeostasis (3) . There are many studies that have shown a association between elevated Treg levels and increase in Mycobacterium tuberculosis (MTB) load (4) (5) (6) . In line with this observation, a study has demonstrated the bacterial burden to decrease in lungs upon using chimeric FoxP3 knock-out (KO) mice (7) . Similar reduction in bacterial growth has been observed on inhibiting Treg differentiation by using a small molecule (8) . Such an immunotherapy led to increase in Th1 responses that protect against MTB infection. This association of bacillary load and Treg prompted us to evaluate the usefulness of Treg markers in treatment monitoring. We also compared the expression of Treg and Th17 markers with bacterial load, sputum conversion and reduction in lung lesions.
MaTerials anD MeThODs study Participants
Recruitment of study participants was carried out in National JALMA institute for leprosy and other mycobacterial diseases, (NJIL & OMD) Agra, from March 2015 to April 2017 after obtaining approval from Institutional Human Ethics Committee. All study participants provided written informed consent. The overall recruitment criteria and methodology followed are illustrated in Figure S1 in the Supplementary Material.
Pulmonary TB Patients (PTB)
Fifteen individuals ≥18 years of age with newly diagnosed, smear positive PTB (Category I), either naïve for ATT or had received <2 weeks of ATT, were enrolled ( Table 1) . Active PTB was diagnosed by clinical evaluation, chest X-ray, and positive acid-fast bacilli (AFB) sputum smears. The presence of other immune-suppressive conditions was ruled out by filling out a questionnaire after interrogating the patients about recent organ transplant, cancer treatment, or any type of steroidal treatment. The patients were excluded if they were pregnant or lactating, moribund or had significant liver or renal function abnormalities at baseline, or positive for HIV infection. All the patients had random blood glucose levels in the range of 80-120 mg/dL. HIV testing was done by ELISA, a comb-based assay (Microlisa-HIV, J. Mitra & Co. Pvt. Ltd, New Delhi, India). The treatment regimen for this group was as per the WHO treatment guidelines (9) . Out of 15 recruited PTB, only 12 were followed up for longitudinal studies at different time periods of ATT, i.e., before (zero month, i.e., at recruitment), during (second and fourth month), and at the end of ATT (sixth month). Clinical evaluation was done at every time point of sample collection. Chest X-ray was taken at all time points of follow-up except at fourth month. Peripheral venous blood and sputum were collected from the patients at all time points of follow-up.
Normal Healthy Subjects (NHS)
Seventeen age-and gender-matched NHS were recruited for the study (Table 1) . These subjects were recruited for only one time point and were not followed up. Clinical TB was ruled out based on the absence of common symptoms of TB (like cough for >2 weeks, fever, fatigue, loss of appetite and weight loss) and by negative sputum smear microscopy. NHS were also tested for sputum smear and culture and were found to be negative. The latent infection in these individuals was ascertained using Quantiferon TB Gold In-Tube assay (QFT-IT; Qiagen, Germany). QFT-IT assay was done as per the manufacturer's instructions. Irrespective of Quantiferon (QFT) positivity status, all the individuals were recruited for the study ( Table 2) . Immunesuppressive conditions were ruled out by interrogating the subjects for the above-mentioned conditions (as said for PTB) and filling out a questionnaire. The random blood glucose levels of the NHS were in the normal range (as said above in PTB section). All the NHS were negative for HIV by ELISA (comb-based assay) (Microlisa-HIV, J. Mitra & Co. Pvt. Ltd, New Delhi, India).
evaluation of radiological Parameters
The extent of disease was evaluated through chest X-ray scoring done by two independent clinicians who were unaware of the results of immunological assays ( Table 3 ). The parameters which were considered for scoring chest X-rays were as follows: lung involvement (scored as 0-no involvement; 1-unilateral; 2-bilateral involvement), number of lesions (scored as 0-no lesion; 1-single lesion; 2-multiple lesions) and type of lesions (scored as 0-normal; 1-fibrosis; 2-opacity; 3-opacity with single cavity; 4-opacity with multiple cavities). For comparison between clinical and immunological parameters, combination of chest X-ray scores and sputum smear grading were also done. The marker and cellular subset response were studied for all the radiological parameters said above. 
Low positives (1 + and scanty)
The MTB culture results were in concordance with smear microscopy at all the time points of follow-up. FigUre 1 | Flowchart depicting longitudinal studies in PTB. Initially, 15 PTB were recruited for longitudinal studies of which two were lost to follow-up due to *non-compliance of patients (at second month of ATT) and one was # excluded due to pregnancy (at fourth month of ATT). Therefore, the longitudinal studies were carried out in 12 PTB. PTB, pulmonary TB patients; ATT, antituberculous treatment; MTB, Mycobacterium tuberculosis. studies (two were lost to follow-up and one was excluded due to patient's pregnancy at fourth month of ATT) (Figure 1 ). All the follow-up PTB who were initially positive for sputum smear microscopy and culture turned out negative at second month except two ( Table 4) . Except one PTB who turned out to be multidrug resistant (MDR) all others were sputum smear negative at sixth month of follow-up. Most of the PTB recruited either had history of TB in family or lived in close contact of PTB.
evaluation of Markers and cellular subsets in Peripheral blood of nhs and Treatment naïve PTb
We evaluated the expression (in terms of absolute number, percentage, and MFI) (both with and without PPD stimulation) of various Treg and Th17-associated markers (CD4, CD25, CD127, CD39, FoxP3, IL-10, TGF-β and IL-17A) and frequencies/percentages of different cellular subsets ( Table 5) in PBMCs isolated from the peripheral blood of PTB (n = 15) and NHS (n = 17). In NHS, QFT-IT status (i.e., QFT +ve or QFT −ve) had no impact on the expression of these markers.
A significantly higher expression of CD25 (p<0.0001) (Figure 2) , as an individual marker, as well as on CD4
) (p<0.0001) T cells was observed in PTB, when compared with NHS. PPD stimulation had no effect on the expression of CD25 as well as on the frequency of CD4 + (p<0.027) cells in PTB when compared with radiological parameters were analyzed using Mann-Whitney U test. This test was also employed for predicting correlation between marker expression and sputum conversion in the second month. P-values <0.05 were considered significant. The data were analyzed using Graphpad Prism software (Graphpad Software Inc., version 5, CA, USA).
resUlTs
Patient Follow-up and Outcome
Of 15 enrolled PTB, only 12 were followed up at different time points of ATT (0, 2, 4, and 6 months) for longitudinal + T cells. Statistical analysis was performed using Mann-Whitney U test. *p ≤ 0.05, **p ≤ 0.01, and ***p ≤ 0.001. NHS, normal healthy subjects; PTB, pulmonary tuberculosis patients; MFI, Mean fluorescence intensity. NHS (Figures 3A-C) . Interestingly, PPD stimulation further significantly enhanced the expression of the above-mentioned markers and subsets (data not shown). However, the expression of IL-17A (p<0.0012) markers and frequencies of CD4 + IL-17A (p<0.0008) T cells were significantly low in PTB than that in NHS (Figure 3Di,ii) . The expression of IL-17A was further enhanced significantly on PPD stimulation (data not shown). Rest of the markers and cellular subsets included in the study (as described in Table 5 ) were also analyzed, but no significant difference was observed between PTB and NHS.
We also enumerated the frequencies of different Treg subsets in PBMCs of PTB and NHS. Peripheral frequencies of CD4
(p<0.0003) Treg subsets were observed to be significantly higher among PTB than that of NHS (Figure 3Ei,ii) . No significant 
CD39
+ between NHS and PTB. Statistical analysis was performed using Mann-Whitney U test. *p ≤ 0.05, **p ≤ 0.01, and ***p ≤ 0.001. NHS, normal healthy subjects; PTB, pulmonary tuberculosis patients. FoxP3TGF-β when compared between PTB and NHS. Although the frequencies of Treg were enhanced on PPD stimulation, the increase was not significant. Numeral data depicting the absolute count and percentages of various markers and cellular subsets are represented in Table 6 .
Further, based on QFT status, NHSs were categorized into two sub groups: QFT positive (QFT +ve; LTBI, n = 7) and QFT negative (QFT -ve; n = 10), and the expression of various Treg and Th17 markers and cellular subsets were compared with that of PTB. Similar to the above-mentioned results comparing PTB with NHS, a significantly higher expression of CD4 (QFT +ve, (Figure 4 ) Treg subsets were observed in PTB when compared with QFT +ve or QFT -ve individuals. However, other markers and cellular subsets also showed a similar trend but were not statistically significant when QFT positive or negative NHS groups were compared with PTB (data not shown).
When the marker expression studies were done in QFT positive and negative subjects (only NHS group), the following results were observed: the expression of various Treg and Th17 markers and percentages of their cellular subsets were compared among QFT +ve individuals, as well as between QFT +ve and QFT −ve individuals, but no significant difference was observed for any of the markers and cellular subsets studied. 
CD25
+ CD39 + Treg. Statistical analysis was performed using Mann-Whitney U test *p ≤ 0.05, **p ≤ 0.01, and ***p ≤ 0.001. PBMCs, peripheral blood mononuclear cells; QFT, quantiferon; PTB, pulmonary TB patients; ns, not significant. 
Frequencies of Markers and cellular subsets during aTT
We evaluated the expression of various Treg and Th17 markers and frequencies of cellular subsets ( Table 5) in PBMCs of PTB (at different time points of ATT) for determining the role of these markers in TB treatment efficacy. In this context, 12 PTB were followed up till ATT completion. The frequencies of CD25 (p<0.0001) and CD127 (p<0.025) marker decreased over the course of treatment (Figure 5Ai,ii) . A decrease was also observed in frequencies of cellular subsets like CD4 + CD25 + (p<0.0001), CD4 + CD127 + (p<0.006) T cells (Figure 5Bi ,ii) and Treg subsets like CD4 + CD25 + FoxP3 (p<0.038) and CD4 + CD25 + CD39 + (p<0.005) during ATT (Figure 5Ci,ii) . However, no decrease in frequencies of iTreg-CD4 + CD25 + FoxP3IL-10 and CD4 + CD25 + FoxP3TGF-β was observed. PPD stimulation had no effect on expression of these markers and did not alter the overall significance (meaning that at least median of one time point is different from the median of at least any other time point). No significant variation was observed for other markers and subsets during ATT.
In the case of one PTB who turned out to be MDR during the sixth month, a drastic increase was observed only in CD25 expression and CD4 + CD25 + subset frequency when compared with other PTB ( Table 7) .
role of the Markers and cellular subsets in early Treatment Monitoring
The role of these markers as well as cellular subsets was studied at zero and second months of ATT for early treatment monitoring. The frequencies of CD25 (p<0.01) marker decreased significantly at the end of IP (Figure 6A) 
CD39
+ T cells at all treatment time point comparisons mentioned above (Figures 7A-C) . Stimulation with PPD did not change the expression of markers and cellular subsets in CP of ATT.
association of Markers and cellular subsets with sputum conversion at the end of intensive Phase (iP)
It was observed that higher the bacillary load, higher the expression of evaluated markers and vice versa but this was not statistically significant (data not shown). The bacillary load reduction assessed by second month (IP) sputum smear conversion was investigated along with different marker levels for deducing an asssociation, if any. In sputum high positives (sputum smear grades: 3 + or 2 + during recruitment), the frequencies of CD25 (p<0.017) marker and CD4
+ (p<0.02) T cells decreased significantly along with the conversion of sputum bacillary load at 
CD39
+ during ATT. Statistical analysis was performed using Kruskal-Wallis non-parametric test and comparison between the different time points (0-2, 0-4, and 0-6) was made using Mann-Whitney U test. *p ≤ 0.05, **p ≤ 0.01, and ***p ≤ 0.001. M, months; ns, not significant; ATT, antituberculous treatment. the end of IP (Figures 8A,B) . On the other hand, an inverse association was found between change in bacillary load from zero to second months and CD4 + CD25 + FoxP3CD127 lo (p<0.011) Treg frequency ( Figure 8C) . PPD stimulation enhanced the expression of above-said markers and subsets significantly in high smear positive sputum converters at second month (Figures 8A-C) . (Figures 9A-C) . PPD stimulation The change in expression of markers and cellular subsets was studied between zero and second months of ATT. Statistical analysis was made using Mann-Whitney U test. *p ≤ 0.05, **p ≤ 0.01, and ***p ≤ 0.001. Other markers and cellular subsets were also studied but were not found to be significant. M, months; ATT, antituberculous treatment; Treg, T regulatory cells. enhanced the expression of the above markers and subsets but was not significant.
radiological Parameters, bacillary load and Marker studies
Of all the markers and cellular subsets studied, the percentage of
Treg subsets showed a significant increase in those who manifested high bacillary load and multiple lesions by radiology when compared with those who had low bacillary load and single/multiple lesions ( Figure 10A) . The same subset also showed a significant increase in patients with opacities and single or multiple cavities (scores 3 and 4; n = 5, 3) compared with those who had opacities alone (score 2; n = 4) in chest X-rays ( Figure 10B) . A decrease of CD4 + CD25 + FoxP3 Treg subset along with reduction in chest X-ray lesion was observed in the second month but was not statistically significant (Figures 10C,D) . When this Treg subset was studied in follow-up (second and sixth month compared with zero month), it manifested a significant decrease in the sixth month (p<0.018) with a concomitant reduction in chest X-ray lesions (Figures 10E,F) . The radiological parameters were studied for all the other markers and cellular subsets wherein a change was observed for the scores compared but was not statistically significant.
DiscUssiOn
Efficient treatment is crucial for TB disease control. Although the current regimens are for extended periods of time (from months to years), patient compliance and prompt monitoring will help in efficient management. Monitoring ATT is necessary as late detection of resistance (due to non-compliance) may lead to further complications (like poor prognosis) and extended therapy for the patient which is more burdensome for the patient's health as well as for the country's economy. Currently, monitoring ATT involves sputum microscopy, demerits of which have been described earlier (2, 3) . An efficient monitoring tool is the need of the hour and earlier studies have focused on serum markers like IL-2 (12), neopterin (12), IL-1ra (13), C-reactive protein (13), sTNF-R1 (14) (5, 6, 19, 20) , and CD4 + IL-17A (21-23). Serum markers studied so far are not promising as they have low predictive values and are not above the baseline. Although cells are dynamic structures, producing markers (both on the surface and internally) which have a turnaround time, their expression follows a definite pattern during treatment which can be exploited for early treatment monitoring and studying treatment efficacy during ATT (4, 5, (14) (15) (16) (17) (18) 24) .
The role of Treg in TB is contradictory, as it is unclear whether the peculiar expansion of Treg is a cause or consequence of disease. This expansion is probably in retort to the enhanced pro-inflammatory immune response (by Th1 and Th17 subsets) for bringing down the immune-mediated damage. There are reports pointing out the involvement of Treg and Th17 in TB disease progression (20) (21) (22) (23) , severity of TB (25) (26) (27) (28) , and even reports showing a regular gradation in frequencies of Treg in response to ATT (4, 5, (17) (18) (19) 24) . But none of these studies have comprehensively evaluated the dynamics of various Treg and Th17 cellular subsets and their associated markers along with ATT (at various time points of TB treatment i.e., before, during, and after treatment). In this study, we have evaluated (i) dynamics of various Treg and Th17 subsets and associated markers at various time points of ATT (0, 2, 4, and 6) and their use in monitoring ATT; and (ii) their association with sputum conversion.
The initial part of this study has compared the expression of Treg and Th17 markers and cellular subsets between NHS and treatment naïve PTB. A higher expression of CD25 as an individual marker as well as on CD4 + (CD4 + CD25 + ) T cells was observed in PTB than those from NHS, which is in agreement with the earlier studies (17, 18) . It is known that CD25 (IL-2Rα) is indispensable for the maintenance of FoxP3 expression as well as for thymic and extrathymic differentiation of Treg subsets 
CD39
+ Treg was higher in peripheral blood of PTB when compared with NHS, which is found to be in concordance with previous studies (4, 5, 33) . FoxP3 is considered a key player for Treg development and function, whereas CD39 is an ectoenzyme that degrades adenosine triphosphate (ATP) to adenosine that inhibits effector T-cell activation, proliferation, and expansion. It has been shown to be associated specifically with Treg function. Therefore, a higher frequency of these Treg subsets is commonly observed in response to many infections including MTB infection.
On the contrary, PTB had a lower expression of 
+ are able to discriminate between latent and active TB after using PPD as antigenic stimulus. This is of utmost importance as markers for differential diagnosis of latent infection and active TB disease are still sought for. In line with our findings, Chiappini et al. (35) have found that a combination of IL-2 and IFN-γ-based ELISPOT can distinguish LTBI and active TB disease in pediatric population.
Our study result adds on to the existing knowledge of Treg expansion during TB. The elevated Treg are associated with immune suppression and their frequencies are supposed to decrease subsequently along with treatment as shown by other studies (discussed below). Thus, these marker levels will be helpful in monitoring TB treatment response.
In this context, our data demonstrate a marked decrease in the expression of CD25, CD127 markers, CD4 
CD25
+ T cells, both in sputum high and low positives, has been observed upon sputum conversion from zero to second month of follow-up of PTB. Thus, ATT induced a decrease in Treg frequencies suggestive of their MTBdriven expansion at initial time point which later decrease with successful clearance of bacilli. On the other hand, the Th17 subset showed a marked increase in frequency upon sputum conversion which supports the theory of reciprocal expression of Th17 and Treg (36) .
In one of the PTB who turned out to be MDR at sixth month of follow-up, we observed an abrupt increase in frequencies of CD25 marker and CD4
+

CD25
+ T cells which is in line with the previous reports of expansion of Treg in MDR TB (27, 37 
FoxP3
Treg has been observed in MDR-TB by another study (27) .
Although many studies have been carried out relating to Treg, Th17 with TB disease, this study is unique in that a real-time association between Treg and Th17 markers and the course of disease during treatment has been done. In this study, a detailed analysis of all the markers and their association with sputum microscopy at all the time points of treatment (0, 2, 4, and 6 months) has been done to know their usefulness in treatment monitoring. The overall aim of this study was to investigate multiple markers and cell subsets related to Treg and Th17 subsets and find out markers whether single or as a cellular subset which can be useful in monitoring TB treatment. Thus, the strength of this study is the evaluation of multiple markers and cellular subsets during ATT but the validation needs to be performed in a large cohort of PTB using multiple antigens. Thus, from this study, it was observed that markers like CD25, CD4 + CD25 + , and CD4 + CD25 + CD39 + T cells are distinct in their elevated expression in PTB before treatment when compared with treatment completion. Moreover, they show a consistent decrease in IP as well as in CP showing their potential for monitoring TB treatment efficacy. When the efficiency of these markers in comparison to sputum microscopy was studied, only CD25 and CD4 + CD25 + T cells were able to show a consistent performance in high-positive as well as lowpositive sputum converters. When treatment success at sixth month was compared with the level of markers and cell subsets, only a decrease in CD4 + CD25 + FoxP3 T-cell subset showed a statistically significant association. The decrease in the level of CD4 + CD25 + FoxP3 cells during treatment also showed good association with resolution of extensive lung lesions. Thus, this Treg subset appears to be promising for predicting favorable treatment response in PTB with extensive lung lesions. All these characteristics point out that these markers deserve attention for use in TB treatment monitoring.
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FigUre s1 | Recruitment of study groups and the experimental methodology. Sputum and blood samples were collected from both PTB. Sputum was subjected to smear microscopy and MTB culture, whereas blood was subjected to T-cell immune assay. TB, tuberculosis; PTB, pulmonary TB patients; ATT, antituberculous treatment; MTB, Mycobacterium tuberculosis; AFB, acid-fast bacilli.
